A physico-mathematical model allowing predictions of propagation of clouds of hazardous gases in the atmosphere appearing after gas releases through gas vent stacks is developed. Results of calculations carried out with the use of the developed model are compared versus available experimental data. For allowing urgent predictions of gas propagations, nomograms are developed using results of the carried out numerical calculations.
Introduction
At chemical enterprises, for avoiding incidents in emergency situations, the systems of urgent emptying of the processing equipment are installed. In case of light gases (i.e. gases having density smaller than 0.8 times density of air such as hydrogen, methane, ethylene, ammonia, etc.), it is allowed to discharge the gases through gas vent stacks (vertical pipes for gas releasing), i.e. major blowouts of the gases directly to the atmosphere are permitted. In addition, such discharges of gases from the processing equipment as well as from pipelines directly to the atmosphere can be also a part of scheduled works carried out prior to regular maintenance procedures.
However, analysis of the incidents having occurred at a number of the Russian enterprises [1, 2] and experimental data for natural gas emissions [3] have shown that such methods of equipment emptying are insecure, as in this case at the terrestrial surface toxic and/or explosive concentrations of gases can take place. Since the hazardous gases are to be released to the atmosphere, it is necessary to develop a method of accurate and fast assessments of spatiotemporal propagation of the resulting air-gas clouds, which would account for meteorological conditions (i.e. a class of atmospheric stability, wind speed, etc.) as well as for design of the gas vent stack.
At present time, physico-mathematical models based on using the CFD (computational fluid dynamics) technology together with modern CFD software packages found their way to predictions of consequences of gas propagations in the atmosphere. One of such CFD software packages is Fluent [4] , which is a multi-purpose CFD package. This study also made use of the Fluent software. Such packages as Fluent are extremely expensive and it is well known that highly qualified experts are needed to properly run the packages. In addition, computational time required for calculating one scenario is too time demanding, which casts doubts on their applicability for urgent assessment of consequences of an incident and administering measures on their localization and full elimination.
An alternative to full CFD studies, from our viewpoint, is the use the exhausting number of CFD calculations obtained in advance for various cases of atmospheric conditions, gas vent stack heights, gas compositions, etc. to develop a simple and reliable tool for quick estimations of the consequences of gas discharges. One of the ways to use results of the CFD studies is constructing rhomboidal nomograms, as is described in a rather old work of Khovanskii [5] . The nomograms allow an easy-to-use method to get the results in several easy steps, as will be described in detail below. To summarize the above, in the present paper, we will show our physico-mathematical model based on using the modern CFD package Fluent, compare our CFD results obtained with the use of this model with experimental data and show the algorithm of constructing the nomogram and using it for taking urgent measures during hazardous gas discharges to the atmosphere.
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Physico-Mathematical Model
Prior to presenting the mathematical equations governing the process of propagation (dispersion) of a hazardous gas in the atmosphere, it is necessary to discuss the main physical processes occurring in the atmosphere together with the main assumptions with regard to the physical phenomena. Next to the surface of the Earth, there is a relatively thin layer of the atmospheric air called the atmospheric boundary layer (1.5 km deep), in which the parameters of the air are strongly dependent on the momentum, heat and mass transfer from the terrestrial surface. As a rule, the atmosphere is turbulent in the boundary layer. The main approach to dealing with turbulent (chaotic) flows is replacing the instantaneous values of wind speed, temperature, pressure, density, gas content, etc. at every spatial point with sums of time-mean values averaged over some periods of time and fluctuations. Substitution of the sums to the original equations of continuity, momentum (Navier-Stokes), energy, gas transport and state gives the equations, which will be similar to the original equations. The main discrepancy between the original and final equations is the additional term in the equations of momentum, energy and gas transport. For example, in the momentum equation the additional term is called the Reynolds (turbulent) stress term, which is similar in form to the existing viscous (molecular) stress term. Thus, similarly to the viscous stress term, the Reynolds stress term can be replaced with the product of turbulent viscosity and the rate of strain of the time-averaged wind speed. For determining the new parameter, turbulent viscosity (which defines properties of the flow rather than properties of the fluid), several approaches are available up to now. One of the most widely used approaches for determining turbulent viscosity is using the standard k-ε turbulence model [6] , which will be described below.
Next, we will introduce the terms: unstable, neutral and stable atmosphere. As is known, temperature usually decreases with height in the entire troposphere (the first ~11 km of the atmosphere) including the boundary layer (~1.5 km deep). This is called the lapse rate. Depending on the lapse rate value (vertical profile of temperature), the atmosphere can be unstable (most turbulent), neutral and stable (least turbulent). Usually, instead of using the lapse rate value for determining whether the atmosphere is unstable, neutral or stable, the Monin-Obukhov length is used. The Monin-Obukhov length is negative for unstable atmosphere, infinite for neutral atmosphere and positive for stable atmosphere. Hazardous gases will propagate in the atmosphere differently depending on these stability scenarios. Here we will study the processes only within the atmospheric boundary layer.
The flow is assumed turbulent, compressible and steady-state (stationary). Despite the fact that the fluid flow is considered stationary, the time derivative will be preserved in all the equations, which is required for obtaining the numerical solution by the time marching numerical scheme. The initial values of all parameters (at the initial time moment) have no physical meaning and are chosen such that the converged solution is obtained at a low computational cost.
At the beginning of calculations, there will be no gas emission from a gas vent stack to the atmosphere; therefore, the medium will be pure air. After that the gas emission will take place, and the medium will be an air-gas mixture. Several gases will be considered in this study. At first, the hazardous gas will be methane, so that a comparison of our CFD results with our own experimental data published earlier in [3] can be made. After that, we will consider ethylene, which is another hazardous gas.
The resulting physico-mathematical model is based upon simultaneous solution of the following equations (1)- (10) [7] :
where ρ is time-averaged density of air (for simulation of the atmosphere with no gas emission) or of an air-gas mixture (for simulation of the atmosphere with gas emission), kg/m 3 ; xi are Cartesian coordinates in meters with i ranging from 1 to 3 (x1=x is the coordinate in the wind direction; x2=y is the coordinate in the direction normal to the wind direction; z is the vertical coordinate); ui are components of the time-averaged wind speed in m/s (u1=u; u2=v; u3=w).
where p is time-averaged pressure, Pa; gi is acceleration due to gravity, m/s 2 ; δij is Kronecker's delta; μ is molecular viscosity of air or of an air-gas mixture, kg/(m•s); μt is turbulent viscosity of air or of an air-gas mixture, kg/(m•s).
where h=cpT is enthalpy, kJ/kg; cp is specific heat at constant pressure of air or of an air-gas mixture, kJ/(kg·K); T is time-averaged air temperature, K; λ is thermal conductivity of air or of an air-gas mixture, W/(m·K); Prt is the turbulent Prandtl number taken as Prt = 0.85 in line with [8] .
Gas transport equation:
where Ys is time-averaged mass fraction of component s of the air-gas mixture; Sct is the turbulent Schmidt number taken as Sct = 0.7 in line with [9, 10] ; D is molecular diffusion coefficient for the air-gas mixture, which is dependent on mixture composition, m 2 /s; SY is a source term, which determines generation or loss of the gas admixture, kg/(m 3 ·s) in the interior of the computational domain and it is taken equal to zero in this study so that the only source of the gas is the vent stack.
Transport equation for k (turbulent kinetic energy):
where Gb is generation (or suppression) of turbulence by buoyancy forces, kg/(m·s 3 ); Sk is a source term, kg/(m·s 3 ) defined as [7, 11] 
where β is thermal expansion coefficient taken equal to 0.00367 1/K [11] .
Transport equation for ε (dissipation rate of turbulent kinetic energy):
where Sε is a source term, kg/(m·s 4 ), which is taken equal to zero in this study; tensor Eij is defined using expressions of the standard k-ε model [6] ; C1ε, C2ε, σk, σε are coefficients of the turbulence model; C3ε is a coefficient determining buoyancy forces.
Equation for turbulent viscosity:
where Cµ is a turbulent coefficient.
Equation of state for pressure:
where R is specific gas constant for air or for an air-gas mixture, kJ/(kg·K).
Turbulence coefficients (also known as turbulence constants) are taken from [12, 13] :
Geometry of the computational domain used in the CFD model is depicted in Figure 1 . The domain has a regular orthogonal shape with dimensions 2000×250×250 m (length×width×height), and the domain's spatial discretization was carried out using three-dimensional elements of a regular hexahedral shape. Dimensions of the computational domain were not chosen arbitrarily. Instead, two circumstances were accounted for here. One of the circumstances was the fact that one of the boundary conditions had to be zero concentration of the gas, whereas the second circumstance was limitation for the domain's length required to reduce the computational costs. Figure 2 shows a gas vent stack placed inside the computational domain at the distance 150 m from the inlet boundary plane. 
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The boundary conditions imposed at the boundary planes shown in Figure 1 follow the conventional notations adopted in the CFD community. Justification of these boundary conditions is given in [7] .
Left and Right planes: "Symmetry". Inlet plane: "Velocity Inlet", and the wind is horizontal and normal to the plane. Top plane: "Velocity Inlet", and the wind is horizontal and tangential to the plane. Outlet plane: "Pressure outlet". Bottom plane: "Wall". Upper surface of the gas vent stack (see Figure 2 ): "Wall" -for modeling the atmosphere with no gas emission, and "Pressure outlet" for modeling the atmosphere with gas emission.
The main feature of this model is the use of the modified values of turbulence coefficients as well as the use of the source term in the transport equation for k [7] , which allows considering various options of atmospheric stability on the basis of Monin-Obukhov's similarity theory [14] . Modeling is carried out in two steps. At the first step, the atmospheric boundary layer is calculated with no gas emission into the computational domain in order to produce atmospheric parameters (vertical profiles of the wind speed, turbulent kinetic energy, vertical temperature stratification, etc.) and maintain them constant throughout the entire domain length. These parameters essentially influence spatiotemporal propagation of the released gas in the atmosphere. In other words, the atmospheric boundary layer at the beginning of calculation is modeled using such simplification that the boundary condition at the exit from the gas vent stack is set to be an impermeable solid wall ("wall"). After the first step, the atmosphere is modeled with inclusion of the gas emission; at that, the boundary condition at the exit from the gas vent stack is changed to be gas pressure or gas mass flowrate through connecting the Fluent software with our own user-defined functions (UDF).
For assessing applicability of the proposed physico-mathematical model, the use was made of the field data gathered by us in the vicinity of the working equipment and published in an earlier paper [3] . In study [3] , concentration of methane was measured at the height of 1.5-2 m at distances from the gas vent stack 300, 520 and 1000 m during major blowouts carried out from the main gas pipeline (internal diameter is 720 mm; length is 0.334 km) through a gas vent stack of height 2.7 m and diameter 150 mm. During the time of measurements, the wind speed varied in the range from 1.3 to 4.3 m/s. The air temperature was 17.75°C. During the measurements, the initial pressure in the gas pipeline was 4.4 MPa and the mass flowrate through a gas vent stack was 2.73 kg/s. The gas volume, vented out per one operation, was 7119.78 m 3 . Table 1 . Average values of calculated data obtained via using the CFD model of this study and experimentally determined data published in [3] Distance from the gas vent stack, m It can be seen that the data obtained with the use of the CFD model satisfactorily agree with experimental data. For example, at the distance of 300 m from the gas vent stack the discrepancy makes 15-17%, increasing to 50% at the point corresponding to the distance from the gas vent stack of 520 m. However, at the distance from the stack of 1000 m, discrepancy decreases and makes 27.4%. These discrepancies can be attributed to incompleteness of data on meteorological conditions present during measurements and insufficient number of measurement points in the vertical direction (measurements were made only at one height). Determination of complete vertical profiles of atmospheric parameters was not conducted during field measurements.
One of the positive features of the proposed physico-mathematical model is a possibility of establishing dependences of atmospheric parameters on time [7] , and capability of modeling of non-stationary gas discharges [15, 16] . This feature becomes very crucial in modeling emissions of long durations. Besides, application of the model allows carrying out assessment of influence of the stack's design on process of effluence of gas from the gas vent stack, which is necessary for achieving success in designing of new stacks and optimization of operational parameters when operating the already existing stacks.
However, such CFD packages as Fluent are extremely expensive and the use of CFD technologies requires highly-qualified experts. In addition, computational time required for calculating one of the variants can demand time ranging from several hours to several weeks, which is unacceptable from the point of view of urgent assessment of consequences of an incident and administering measures on their localization and full elimination.
Therefore, for ensuring safety by means of discharging a hazardous gas through a gas vent stack we propose to use rhomboidal nomograms for urgent predictions of propagation of hazardous gases in the atmospheric air. For development of nomograms, it is necessary to solve several independent from each other problems: 1) choosing some control points for subsequent calculations (vertical thermal stratification, wind speed value, height and diameter of the gas vent stack, pressure and temperature of a hazardous gas contained inside the processing equipment or inside the pipeline) based on the objective reality;
2) numerical modeling of discharge of a hazardous gas using the proposed physico-mathematical model and search for all possible scenarios in the entire set of all control points 3) representation of results (distances, at which hazardous concentrations occur) in a form convenient for engineers.
A number of rhomboidal nomograms were developed by us in this study using Khovansky's method [5] for various gases (natural gas, ammonia, ethylene), but, due to large sizes of the nomograms, only one of the nomograms, namely, for discharge of ethylene through a gas vent stack, is presented here (Figure 3 ). In the nomogram, certain keys and paths are to be used in the tabular form to recover data collected from 486 separate numerical calculations of discharge of ethylene through a stack.
Instructions for using the nomogram. At the stage of designing a gas vent stack and/or at the stage of selecting the required operational mode, it is required to determine the most likely maximum boundaries of the gas-laden area. At first, meteorological conditions (vertical thermal stratification of the atmosphere and the wind speed value) must be determined using real meteorological gauges. Then, in the rhomboidal nomogram (Part 1 of Figure 3 ) it is required to pick a cell, in which the present meteorological conditions cross; in the lower right corner of this cell we place a point. After that, design parameters of the gas vent stack: diameter (0.1; 0.2 and 0.3 m) and height (5, 10 and 15 m) are determined. The following procedural path is quite similar: in the rhomboidal nomogram (Part 2 of Figure 3 ) it is required to pick a cell, in which the design parameters cross; in the lower right corner of this cell it is required to place a point. Next, it is required to place a point into cells, in which the picked operational parameters of ethylene (pressure and temperature) in the equipment (or on the gas vent stack) are located in the following Part 3 of Figure 3 . When the initial data do not coincide with the proposed control points, we propose to use a nearby control point with presumably the most pessimistic scenario, such as a scenario, in which the wind speed's tendency is towards reduction (which implies that gas dispersion to safe concentrations will be small).
After the initial data are determined, we connect these points in the same sequence, in which the denotations were made so that constructing a rhomb (parallelogram) is completed (an example of drawing a rhomb (parallelogram) is depicted in Figure 3 ). At the point of intersection at the fourth vertex, we will arrive at Part 4 of Figure 3 , where it is required to determine a key by using the lower right corner of the cell. After that, using tabular data (Table 2 ) prepared in advance, we determine this key containing a cipher of the path (the cells' numbers of the determined points in the order, in which they were determined) and the maximum boundary of a gas-laden zone.
By using quite similar actions, but in the reverse path, it is possible to determine physical parameters of the released gas as well as design parameters of the gas vent stack or meteorological conditions, at which a secure discharge of the gas can be executed. Table 2 . A part of the tabular data (randomly picked results of 8 calculations out of 486 available CFD calculations) for the ethylene gas emission from the stack.
The key to the nomogram (determined using Figure 3) , the path's cipher and distances, within which maximum allowable concentrations (MAC) of ethylene exist Fig. 3 . Nomogram, constructed in compliance with Khovanskii's method, for determining the consequences of discharge of ethylene gas through a gas vent stack. In this example, cipher of the path is 1-7-19
Conclusions
When a gas is released through technological vent stacks under certain meteorological conditions, on the territory of an industrial site, explosive and/or toxic concentrations of the gas can occur. The proposed physico-mathematical model allows predicting propagations of hazardous gases in case of their releases through gas vent stacks. The use of nomograms, developed on the basis of CFD calculations carried out in advance, allows for reasonably quick and simple deter-mination of optimum design parameters of a gas vent stack, operational parameters, favorable meteorological conditions and secure distances in case of releases of hazardous gases through gas vent stacks.
